AD- A 189  494 


OTW  FILE  Copy 


AFIT/GSO/ENS/87D-13 


EXPECTED  VALUE  ANALYSIS 
FOR  AN  UNMANNED  EXPENDABLE  LAUNCH 
VEHICLE  PAYLOAD  ESCAPE  SYSTEM 


THESIS 


Fred  E,  Wagner 
Captain,  USAF 
AFIT/GSO/ENS/87D-13 


dtic 

electe 
MAR  0  21983! 

^  H 


Approved  for  public  release;  distribution  unlimited 


tj 


A 


£ 


REPRODUCED  FROM 
BEST  AVAILABLE  COPY 


UNCLASSIFIED 

TgggjBOTjgW  SE  THIS  PA<56 


IBS!! 


A/n  itJjx 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-01 88 


la.  RtPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


1b.  RESTRICTIVE  MARKINGS 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


28k  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


3.  DISTRIBUTION /AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 

AFIT/GSO/ENS/87D-13 


5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

School  of  Engineering 


6b.  OFFICE  SYMBOL 
(If  applicable) 

AFIT/ENS 


7a.  NAME  OF  MONITORING  ORGANIZATION 


6c  ADDRESS  (Oty,  State,  and  ZIP  Cod*) 

Air  Force  Institute  of  Technology 
Wright- Patterson  AFB  OH  45433 


7b.  AODRESS  {City,  State,  and  ZIP  Code) 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 


See  Box  19 

1TADOREss(o^t!t5!7Sl!?^<!!r 


8b.  OFFICE  SYMBOL 
(If  applicable) 

AFWAL/FIER 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


10.  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 

PROJECT 

TASK 

WORK  UNIT 

Wright-Patterson  AFB  OH  45433 

ELEMENT  NO. 

NO. 

NO. 

ACCESSION  NO 

1.  TITLE  (Indude  Security  Classification) 

See  Box  19 


12.  PERSONAL  AUTHOR(S) 

Pred  E.  Wagner ,  B.S.,  Capt,  USAF 


13a.  TYPE  OF  REPORT 

MS  Thesis 


13b.  TIME  COVERED 
FROM _ TO 


14.  DATE  OF  REPORT  (Year,  Month,  Day) 

.  ..1287  Decsmbfir _ 


15.  PAGE  COUNT 

_ U _ 


16.  SUPPLEMENTARY  NOTATION 


|  17.  COS  ATI  CODES  | 

FIELD 

GROUP 

SUB-GROUP 

hi 

02 

hi 

05 

18.  SUBJECT  TERMS  (Continue  on  reverse  If  necessary  and  identify  by  block  number) 

Escape  Systems,  Recovery  Vehicles,  Space  Systems 
Recoverable  Spacecraft,  Unmanned  Spacecraft 


"  — wr,  ii  » revfjiai  j  anw  iwviiui/  riwniwr/ 

Sponsoring  Organization:  Crew  Escape  and  Subsystems  Branch 

Flight  Dynamics  Laboratory 

Title:  EXPECTED  VALUE  ANALYSIS  FOR  AN  UNMANNED 

EXPENDABLE  LAUNCH  VEHICLE  PAYLOAD  ESCAPE  SYSTEM 


Thesis  Advisor:  Thomas  F.  Schuppe,  Lt  Col,  USAF 
Abstract:  See  Back 


napomd  let  iuhUc  rcloasa:  IA',7  ATR 

w*jHr”VoLAvrR^  xxj 

A^rJice  n,::;z*  p';’r;r^r"'pa"*‘ 

Wxlght-PaU«:eon  A2  L 


20  OfSTRIBUTlON/ AVAILABILITY  OF  ABSTRACT 
S3  UNCLASSIFIEO/UNLIMITEO  □  SAME  AS  RPT.  □  OTIC  USERS 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 


22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Thomas  F.  Schuppe,  Lt  Col,  USAF 


22b.  TELEPHONE  (Include  Area  Code) 

(513)  255-3362 


22C.  OFFICE  SYMBOL 

AFIT/ENS 


DO  Form  1473,  JUN  86 


f^vlout  edittoni  are  obsolete. 


SECURITY  CLASSIFICATION  QF  THIS  PAGE 


UNCLASSIFIED 


J 


Since  the  beginning  of  the  U.S.  Space  Program  there 
have  been  numerous  schemes  for  humans  to  escape  from 
spacecraft  in  distress.  This  has  not  been  the  case  for 
payloads  of  unmanned,  expendable  launch  vehicles  (ELV), 
however.  The  literature  review  revealed  no  concepts  or 
design  in  the  U.S.  Space  Program  for  saving  or  salvaging 
unmanned  payloads  if  an  ELV  failed  during  the  boost  phase. 

The  purpose  of  this  thesis  was  to  develop  a 
methodology  to  define  a  mathematical  cost  relation  for  a 
payload  esoape  system  (PES).  That  relation  demonstrates 
when  it  is  eoonomioally  feasible  to  use  a  payload  escape 

system. 

This  methodology  draws  heavily  upon  Decision  Analysis 
Techniques,  although  a  classical  decision  analysis 
Involving  a  deoision  maker  was  not  performed.  A 
mathematical  relation  was  developed  for  two  launch  cases: 
the  first  assumed  100  peroent  insurance  coverage  for  losses 
and  the  other  assumed  no  insurance  coverage  for  losses. 

The  study  found  that  the  mathematical  relations  could 
be  used  to  develop  graphs  defining  when  it  is  economically 
feasible  to  use  a  PES.  The  model  is  flexible  and  could  be 
modified  for  use  with  a  particular  payload  program. 


AFIT/GSO/ENS/87D-13 


EXPECTED  VALUE  ANALYSIS  FOR  AN  UNMANNED 
EXPENDABLE  LAUNCH  VEHICLE  PAYLOAD  ESCAPE  SYSTEM 


THESIS 


Presented  to  the  Faoulty  of  the  School  of  Engineering 
of  the  Air  Force  Institute  of  Technology- 
Air  University 

In  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of 
Master  of  Science  in  Space  Operations 


Fred  E.  Wagner,  B.S. 
Captain,  USAF 


December  1987 


Approved  for  public  release;  distribution  unlimited 


I  really  had  a  lot  of  help  and  encouragement  from 


some  very  special  people.  Many  thanks  go  to  my  faculty 
advisor,  Lt  Col  Tom  Schuppe  for  his  guidance  on  this 
project.  His  patience  and  understanding,  especially  when  I 
missed  so  many  deadlines,  was  deeply  appreciated.  I  want 
to  also  thank  Major  Bruce  Morlan  and  Major  Stu  Kramer 
for  freely  giving  of  their  time  and  their  patience.  It 
seems  like  they  spent  as  many  hours  re-answering  my  old 
questions  as  they  did  answering  my  new  ones;  thanks. 

Thanks  also  to  Capt  Ralph  Garman,  a  fellow  classmate,  whose 
friendship  and  thoughts  helped  ease  me  through  the  trauma 
that  is  AFIT. 

Mostly,  I  could  not  have  made  it  without  my  belief  in 
a  personal  God,  who  is  interested  in  all  my  problems. 

Throughout  my  time  at  AFIT  the  patience,  love  and 
understanding  of  my  wonderful  wife  Gail  and  two  kids,  Erin 
and  Joshua  kept  me  going.  This  is  their  thesis  also.  I 
think  I  understand  Proverbs  31:  10-31  a  little  better  now. 

Thanks  again  to  everyone. 

3 Ion  For 

GRAM  (5f 

Fred  E.  Wagner  tab  □ 

Uuiumouncod  □ 

Justification _ 


Table  of  Contents 


Page 

Acknowledgements  .  11 

Lift  of  Plgurff . . 

Lift  of  Tabltf . .  .  . . vi 

Modfl  Variable#  and  Notation . vii 

Abatraot . viil 

Z.  Introduction  .  . . . 

Baokground . . 

Problem  Statement  .  3 

Study  Objective . 4 

Soope  ......  .  4 

XI.  Review  of  the  Literature . 6 

Introduction.  ...  .  6 

Unmanned  Launoh  Vehicles . 6 

Eaoape  System# . 8 

Reoovery  Systems.  .  .  10 

Summary . 12 

I X I  •  Methodology . 13 

Introduction . 13 

Decision  Analysis  Method . 13 

Deterministic  Phase.  ....  .  15 

Value  Function. . 20 

Value  Variable  Definitions . .21 

Probabilistic  Phase.  . . .  .  27 

Model  Analysis . 28 

Risk  Preference  Assumption  .  30 

Determine  the  Best  Alternative . 31 

Sensitivity  Analysis  .  32 

Justification  of  the  Methodology.  ......  32 


iii 


IV.  Findings . 34 

Introduction.  . . 34 

Mathematical  Cost  Relation . 34 

Taking  Expectation  .  35 

Comparing  Expectations  .  39 

Two  Launch  Cases .  .  .  41 

Sensitivity  Analysis . 44 

Case  A  Analysis . 44 

Case  B  Analysis . 50 

An  Application  of  the  Methodology . 57 

Chapter  Summary  .  . . 58 

V.  Conclusions  and  Recommendations . 59 

Introduction . 59 

Research  Objective . 59 

First  Subobjective . 59 

Second  Subobjective . 60 

Third  Subobjective . 60 

Methodology . 60 

Recommendations  .  61 

Chapter  Summary  .  63 

Bibliography  .  65 

Vita . 68 


iv 


List  of  Figures 


Figure  Page 

2.1  Apollo  Spacecraft  .  10 

2.2  Paraglider  Recovery  System . 11 

3.1  The  Decision  Analysis  Cycle  .  14 

3.2  Decision  Alternatives  .  17 

3*3  Decision  Outcomes  .  18 

3.4  The  Decision  Tree  Model . 19 

3.5  Value  Variables  With  Insurance . ?? 

3.6  Value  Variables  With  No  Insurance . 23 

3.7  Final  Model  With  Probabilities . 29 

3.8  Expected  Value  Lottery  Example . 31 

4.1  Expectation  on  Node  (E) . 37 

4.2  Expectation  on  Upper  Node  (B) . 38 

4.3  Final  Expected  Value  Choices . 40 

4.4  Insurance  Case  With  Rate  1  =  10% . 45 

4.5  Insurance  Case  With  Rate  1  =  15% . 46 

4.6  Insurance  Case  With  Rate  1  =  20$ . 47 

4.7  Insurance  Case  With  Rate  1  =  25? . ,48 

4.8  Insurance  Case  With  Rate  1  =  30? . 49 

4.9  Case  With  No  Insurance  and  Booster 

Failure  Rate  Varied . 53 

4.10  Case  With  No  Insurance  and  Escape 

System  Failure  Rate  Varied . 54 

4.11  Case  With  No  Insurance  and 

Refurbishment  Rate  Varied  .  55 


4.12  Best  Case/Worst  Case  for  Payload  Escape  System.  .  56 


v 


List  of  Tables 


Table  Page 

I.  Booster  Failure  Probabilities,  P& .  51 


II.  Representative  Rates  Used  in  the  Case  B  Analysis  51 


vi 


Model  Variables  and  Notation 


Decision  Variable 
D  -  to  choose  an  escape  system 


Outcomes 
YES  /  NO 


State  Variables 
B  -  booster  condition 
E  -  escape  system  condition 


Outoomea 
WORKS  /  FAILS 
WORKS  /  FAILS 


General  Value  Funotlon 

COST  ,  F(Cb,  Ces,  Cj,  C„,  Cs,  I,  P,  P„,  P,,  *f,  V 
where 

Cg  •  ooot  of  the  booster  (ELV) 

CES  s  oost  of  the  eaoape  system  (ES) 

Cj  *  oost  of  Insurance  premiums 

ci  s  cost  of  refurbishing  the  satellite  or  payload 
•  oost  of  the  satellite  or  payload 
Is  »  inflation  rate 

P  •  insurance  payoffs 

R«  *  satellite  or  payload  refurbishment  rate 

Rj  a  insurance  premium  rate 

Probabilities 

Pb  •  probability  of  booster  failure 
P°  a  probability  of  esoape  system  failure 


vii 


AFIT/QSO/ENS/87D-13 


Abstract 

\  \ 

inot  tha  beginning  of  th«  U.S.  Space  Program  there 
have  been  numerous  sohemes  for  humans  to  esoape  from 
spaoeoraft  in  distress.  This  has  not  boen  the  oase  for 
payloads  of  unmanned,  expendable  launoh  vehloles  (ELV)# 
trih»»?sp>  The  literature  review  revealed  no  oonoepts  or 
design  in  the  U.S.  Spaoe  Program  for  saving  or  salvaging 
unmanned  payloads  if  an  BLV  failed  during  the  boost  phase. 

The  purpose  of  this  thesis  «a.»  to  develop  a 
methodology  to  define  a  mathematloal  oost  relation  for  a 
payload  esoape  system  (PBS).  That  relation  demonstrates 
when  it  is  eoonomloally  feasible  to  use  a  payload  esoape 
system. 

This.  methodology  draws  heavily  upon  Deoision  Analysis 
Techniques,  although  a  olassloal  deoision  analysis 
Involving  a  deoision  maker  was  not  performed.  A 
mathematloal  relation  was  developed  for  two  launoh  oasesi 
the  first  assumed  100  peroent  Insuranoe  ooverage  for  losses 
and  the  other  assumed  no  Insuranoe  ooverage  for  losses. 

Th«  study  found  that  ths  mathematical  relations  oould 
be  used  to  develop  graphs  defining  when  it  is  eoonomloally 
feasible  to  use  a  PCS .  The  model  is  flexible  and  oould  be 
modified  for  use  with  a  particular  payload  program^ 
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EXPECTED  VALUE  ANALYSIS  FOR  AN 
UNMANNED  EXPENDABLE  LAUNCH  VEHICLE 
PAYLOAD  ESCAPE  SYSTEM 


I.  Introduction 


Background 

Since  the  beginning  of  the  United  States  Space 
Program,  there  have  been  numerous  schemes  for  humans  to 
•scape  from  spacecraft  in  distress  (20).  Indeed,  much 
effort  was  expended  to  "man-rate"  the  ICBMs  used  for 
boosting  early  astronauts  into  space,  sinoe  the  safety  of 
the  astronauts  was  "of  utmost  importance"  (5:315).  It  is 
difficult  to  argue  the  value  of  human  life.  The  added 
expenses  associated  with  manned  spacecraft  crew  escape 
systems  may  be  a  prudent  investment  even  though  an  escape 
system  may  restrict  vehicle  performance. 

Although  the  value  of  human  life  is  difficult  to 
argue,  it  is  surely  a  different  story  for  the  value  of 
payloads  or  satellites.  The  literature  review  for  this 
thesis  revealed  no  design  in  the  U.S.  Space  Program  for  an 
unmanned  payload  esoape  system.  There  were  no  concepts  for 
saving,  resouing  or  salvaging  unmanned  payloads  from 
destruction  when  an  expendable  launch  vehicle  (ELV)  failed 
during  the  boost  phase  of  flight.  However,  there  was  one 
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concept  for  recovering  a  satellite  payload  from  orbit  or 
sub-orbital  velocities  in  a  non-emergency  situation 
(4:304).  It  is  apparent  that  intrinsic  worth,  dollar 
value,  mission  importance,  launch  costs  (including 
insurance)  or  other  measures  were  not  considered  important 
enough  to  justify  the  added  expense  and  possible 
performance  degradation  necessary  to  provide  a  mechanism 
for  payload  escape.  Indeed,  for  example,  some  in  the  space 
community  prefer  off-loading  small  quantities  of  precious 
fuel  and  accepting  greater  risk  that  an  ELV  may  not  reach 
orbital  velocity,  in  exchange  for  more  payload  capacity  (6). 

1985  and  1986  were  devastating  years  for  getting 
payloads  into  space.  "This  unprecedented  string  of 
failures  included  four  major  losses  -  the  Space  Shuttle 
Challenger,  two  Titan  34D's  and  a  Delta"  (7:58).  The 
payloads  destroyed  in  these  accidents  included  a  $100 
million  NASA  Tracking  and  Data  Relay  Satellite,  two  DOD 
satellites  and  a  $57.5  million  GOES  weather  satellite 
(19:20,  8:13).  In  March  1987,  an  Atlas/Centaur  failed, 
causing  the  loss  of  an  $83  million  FltSatCom  satellite 
( 14:23-24) . 

Each  launch  vehicle  failure  means  the  certain  loss  of 
its  payload  and  lost  payloads  represent  more  than  just  lost 
dollars.  If  the  payload  was  unique,  such  as  NASA's  Galileo 
Jupiter  Probe,  its  loss  is  a  lost  opportunity  in  addition 
to  its  $1  billion  price  tag.  If  it  was  a  DOD  payload,  its 
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loss  could  have  a  significant  Impact  on  national  security 
in  addition  to  its  dollar  cost.  If  the  payload  was  a 
commercial  venture,  its  loss  represents  lost  revenue,  lost 
cost  and  probably  increased  insurance  premiums  as  well. 

There  Is  historical  precedence  for  ’’payload"  escape 
systems  in  the  Mercury,  Gemini,  Apollo  and  Soviet  Soyuz 
manned  spaceflight  programs.  An  escape  system  that 
partially  or  totally  salvages  payloads  from  destruction 
during  the  boost  phase  may  significantly  reduce  the  risk, 
real  costs,  and  opportunity  costs  associated  with  launching 
payloads  into  space. 

Problem  Statement 

A  need  exists  for  research  concerning  the  feasibility 
of  using  escape  mechanisms  for  payloads  on  unmanned  ELVs . 
Based  on  discussions  with  some  managers  in  the  space 
community,  it  would  seem  that  current  attitudes  about  this 
topic  are  speculative  or  purely  subjective  at  best. 

Is  a  payload  escape  system  economically  feasible 
when  evaluated  as  a  function  of  satellite  cost,  escape 
system  cost,  launch  insurance  premiums,  probability  of 
booster  failure  and  probability  of  escape  system  failure? 
This  research  develops  a  methodology  which  will  define  a 
mathematical  relationship  between  these  parameters  to 
indicate  when  a  payload  escape  system  might  be  feasible. 
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The  main  objective  of  this  research  was  to  develop  a 


methodology  that  defines  a  mathematical  relation  to 
demonstrate  the  economic  feasibility  of  a  payload  escape 
system.  Specific  subobjectives  were: 

1.  To  use  the  costs  of  actual  past  booster  failure 
events  to  demonstrate  use  of  the  mathematical  relation 

2.  To  identify  pertinent  background  information 

on  various  manned  spacecraft  escape  system  technologies 
that  could  be  useful  in  unmanned  escape  system 
applications 

3*  To  identify  specific  unmanned  escape  system  topics 
for  future  research. 


Scope 

This  thesis  deals  with  the  economic  feasibility  of  a 
payload  escape  system  for  use  with  unmanned  ELVs.  The 
space  shuttle  was  not  considered  in  this  research.  Any 
escape  system  was  presumed  to  operate  from  the  surface  of 
the  earth  to  the  point  of  orbital  insertion,  thus 
eliminating  from  consideration  failures  that  occur  in 
transfer  orbits.  Because  of  this  assumption,  data  was  only 
collected  on  booster  failure  rates.  The  analysis,  then, 
does  not  include  failures  of  orbital  transfer  stages.  A 
further  assumption  was  that  any  escape  system  operation 
would  be  Independent  of  booster  failure  rates. 

The  time  needed  to  refurbish  recovered  payloads  was 
not  addressed.  However,  payload  refurbishment  costs  were 
allowed  for  in  the  model  as  a  refurbishment  rate  multiplied 


by  the  payload  oost.  This  allowance  gave  the  model  the 
flexibility  to  account  for  varied  estimates  of  payload 
refurbishment  costs.  In  addition,  the  somewhat  emotional 
question  of  how  much  payload  weight  to  trade-off  for  an 
escape  system  was  not  addressed.  It  was  assumed  that  if  it 
was  economically  feasible,  a  payload  escape  system's 
intrinsic  value  would  be  more  "valuable"  than  added  payload 
capacity.  These  are  very  important  questions  but 
ultimately  this  thesis  was  limited  to  defining  a  necessary 
(but  not  necessarily  sufficient)  condition  for  eoonomio 
feasibility.  Factors  considered,  then,  in  this  analysis 
were  satellite  cost,  satellite  refurbishment  cost,  escape 
system  cost,  booster  cost,  launch  insurance  premiums, 
probability  of  booster  failure  and  probability  of  escape 
system  failure. 

Engineering  analysis  of  designs  was  beyond  the  soope  of 
this  effort  as  were  any  suggestions  of  a  particular  design. 
The  allusion  to  certain  manned  spacecraft  escape  systems  01 
to  certain  other  space  vehicle  subsystems  was  intended  to 
demonstrate  that  a  great  deal  of  escape  system  technology 
already  exists.  Although  developed  mainly  for  manned 
spacecraft,  this  technology  could  be  useful  in  unmanned 
escape  system  applications. 
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II.  Review  of  the  Literature 


Introduction 

This  literature  review  revealed  no  equipment  or  design 
in  the  U.S.  Space  Program  for  an  unmanned  payload  escape 
system.  There  were  no  concepts  for  saving,  rescuing  or 
salvaging  unmanned  payloads  from  destruction  when  an 
expendable  launch  vehicle  (ELV)  failed  during  the  boost 
phase.  On  the  other  hand,  it  is  obvious  that  a  manned 
escape  system  is  indifferent  to  its  cargo.  Perhaps  some  of 
these  systems  could  be  adapted  to  ejecting  or  saving 
payloads.  This  review  briefly  looks  at  some  launch 
vehicles,  escape  systems  and  recovery  systems. 

Unmanned  Launch  Vehicles 

The  Air  University  Space  Handbook  describes  three 
current,  U.S.,  unmanned  launch  vehicles,  the  Delta,  Atlas 
and  Titan  ( 1 ) . 

Delta  Booster.  According  to  the  Space  Handbook,  the 
original  Delta  created  by  NASA  in  1959  was  an  intermediate 
size  launch  vehicle  that  could  place  a  600  pound  payload 
into  a  100  mile  orbit.  The  original  Delta  launch  vehicle 
has  been  heavily  modified  to  increase  its  payload  capacity. 
The  configuration  consists  of  three  liquid  fuel  stages  with 
either  three  or  nine  solid  rocket  motors  strapped  to  the 
first  stage  for  thrust  augmentation.  The  latest  Delta, 
designated  as  the  3900  series,  can  develop  over  630,000 
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pounds  of  thrust  at  liftoff  and  place  2,800  pounds  into  a 
160  mile  by  19*323  mile  elliptical  orbit. 

MoDonnell  Douglas  Astronautics  Company  quotes  a  6.70 
percent  failure  rate  for  the  Delta,  whereas  an  insurance 
broker  quoted  a  7.18  percent  failure  rate  (25,  16). 

Atlas  Booster.  Even  though  the  various  versions  range 
from  the  basic  Atlas  model,  through  the  Atlas-H  model,  its 
design  has  not  changed  much  since  its  development  started 
in  the  middle  1940's.  The  Space  Handbook  describes  the 
Atlas  as  a  liquid  propellant  rocket  having  three  main 
engines.  Two  of  these  engines  comprise  the  booster  section 
of  the  rocket  and  are  only  used  during  the  first  two 
minutes  of  flight,  after  which  they  are  jettisoned.  The 
third  engine  is  called  the  sustainer  section  of  the  rocket 
and  it  burns  for  the  duration  of  the  flight.  An  Atlas  can 
develop  378,000  pounds  of  thrust  at  liftoff  and  can  place 
5,200  pounds  into  a  100  mile  by  19,323  mile  elliptical 
orbit. 

General  Dynamics  Convair  Division  quotes  a  9.29 
percent  failure  rate  for  all  Atlas  boosters,  whereas  an 
insurance  broker  quoted  a  15.32  percent  rate  (9,  16). 

Titan  Booster.  The  Titan  family  of  launchers,  like 
the  Delta  launchers,  has  gone  through  many  modifications  in 
its  lifetime.  The  generic  family  included  the  Titan  I, 
Titan  II,  Titan  III  and  Titan  34  models  with  various 
versions  of  each  model.  Two  strap-on  solid  rocket  motors 
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augment  the  thrust  on  the  Titan  IIIC  and  HID  and  on  the 
Titan  34B  and  34D  boosters.  The  Titan  34D  is  the  largest 
of  these  launch  vehicles.  It  is  capable  of  placing  27,600 
pounds  into  a  100  mile  high  orbit  or  1,859  pounds  into  a 
19,323  mile  orbit  while  generating  2,920,000  pounds  of 
thrust  at  liftoff. 

Martin  Marietta  Denver  Aerospace  quotes  a  6.16  percent 
failure  rate  for  the  Titan  III,  whereas  an  insurance  broker 
quoted  an  8.45  percent  rate  (24,  16). 

Escape  Systems 

Three  escape  systems  used  for  manned  launches  were 
reviewed,  the  Soyuz,  Gemini  and  Apollo. 

Soyuz .  Boris  Kolesov,  a  Soviet  engineer,  provides  a 
limited  view  of  the  emergency  escape  system  (EES)  used  on 
Soyuz  4  and  5  (15).  The  EES  is  attached  to  the  tip  of  the 
main  fairing  on  top  of  the  rocket  in  much  the  same  way  as 
the  Apollo  launch  escape  system.  The  system  is  intended 
for  rescuing  the  crew  in  case  the  launch  vehicle  fails  in 
any  phase  of  flight:  from  launch  through  all  phases  of 
powered  flight. 

It  is  interesting  to  note  that  Kolesov  describes  the 
EES  as  a  complicated  and  automated  system.  In  the  event  of 
an  emergency,  the  EES  can  activate  emergency  programs  and 
can  also  command  other  Soyuz  systems  as  well. 

Gemini ,  Philip  H.  Bolger  provides  a  good,  brief 
description  of  the  escape  system  used  on  Gemini 
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(2« 130-137).  Above  70,000  feet,  the  spacecraft  itself  was 
the  esoape  system,  while  ejection  seats  were  used  for 
esoape  below  that  altitude  and  for  on-the-pad  aborts. 

During  the  boost  phase  between  70,000  feet  and  up  to 
vehiole  etaglng,  the  oapaule  was  separated  from  the 
launoher  by  a  salvo  fire  of  the  retrorookets.  Once  the 
first  stage  was  Jettisoned  (vehicle  staging)  escape  was 
Initiated  by  shutting  down  the  seoond  stage  engine  and 
firing  the  rendezvous  propulsion  system  to  "push"  the 
capsule  away  from  the  launoher. 

Bolger  notes  that  the  Gemini  was  originally  designed 
to  use  a  Rogallo  parawing  during  its  landing.  This  concept 
was  discarded  in  favor  of  using  a  parachute  landing  system. 

Apollo.  Townsend  describes  the  operation  of  the 
Apollo  esoape  system  ( 23  * 6—7 ) -  The  Launch  Escape  System 
(LES)  tower  provided  a  means  to  pull  the  Apollo  Command 
Module  (CM)  away  from  the  Saturn  launch  vehicle.  Aborts 
on-the-pad  and  up  to  100,000  feet  were  Initiated  by  firing 
the  LES  main  rooket  motor  and  above  this  altitude  the  crew 
would  also  aotivate  the  CM  reaction  control  system  to 
provide  a  positive  "heat  shield  first**  positioning  for  the 
LES  and  CM.  The  maximum  altitude  for  operation  of  the  LES 
was  set  at  320,000  feet.  Above  this  altitude  the  LES  was 
jettisoned  and  emergency  separation  provided  by  the  Apollo 
Servioe  Module  (SM)  propulsion  system.  Figure  2.1  shows 
the  Apollo  spaoeoraft  configuration. 
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Figure  2.1  Apollo  Spacecraft  (3*376) 


Recovery  Syatema 

V oat ok.  The  Soviet  Vostok  landing  system  contained  a 
noteworthy  component  that  could  prove  useful  in  recovery  of 
satellites.  "To  reduce  the  Impact  at  landing,  small 
retrorookets  were  used  which  complement  the  main  paraohutes 
and  reduce  the  velocity  of  fall  from  10  m/s  to  only  a  few 
cm/s  at  the  moment  of  contact"  (17*5). 

Paraglider  System.  Crawford  and  MoNerney  disouss 
Space-General  Corporation's  study  of  three  applications  of 
paragliders  as  recovery  systems  (4*293).  The  first,  was  a 
paraglider  assembly  designed  to  recover  the  Saturn  SI-C 
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booster.  Ths  seoond,  a  system  to  rsoovsr  Titan  III  solid 
boosters. 

Figure  2.2  shows  a  drawing  of  the  third  study  by 
Spaoe-General  Corporation.  Aooording  to  Crawford  and 
MoNerney,  it  was  a  reoovery  system  design  study  for  the 
recovery  from  orbit  or  sub-orbital  velocities,  of  a  2,000 
pound  upper  stage  or  satellite  payload.  The  study  olaimed 
a  landing  speed  around  50  knots  and  a  landing  flare  sink 
rate  of  less  than  five  feet  per  second.  They  also 
mentioned  that  these  studies  indicated  the  systems  would 
weigh  5-10  percent  of  the  payload  weight. 


Figure  2.2  Paraglider  Recovery  System  (4*305) 
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Summary 

As  mentioned  previously,  the  review  found  no  oonoepts 
specifically  designed  for  saving,  rescuing  or  salvaging 
unmanned  payloads  from  destruction  when  a  booster  fails. 

The  closest  concept  to  a  payload  escape  system  was  the 
recovery  system  oonoept  mentioned  above.  It  should  he 
noted  that  that  concept  was  a  reoovery  system  and  not  an 
escape  system. 

The  brief  review  contained  in  this  chapter  did  help 
set  the  tone  for  this  study,  it  discussed  the  main  launch 
vehicles  currently  in  use  in  the  U.S.,  the  Delta,  Atlas  and 
Titan.  It  discussed  past,  manned  escape  systems  for  the 
Soyuz,  Gemini  and  Apollo  spacecraft.  Finally,  a  striking 
feature  of  the  Vostok  recovery  system  was  noted  and  another 
recovery  system  concept  was  discussed. 

The  limited  sources  quoted  here  were  not  intended  to 
prove  the  viability  of  a  payload  escape  system,  but  rather 
to  demonstrate  some  historical  examples  of  "payload"  esoape 
system  concepts  from  manned  spaceflight  programs.  After 
all,  these  are  evidently  the  only  "payload"  esoape  system 
examples  available. 
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Ill .  Methodology 


Introduction 

The  main  objective  of  this  thesis  was  to  develop  a 
methodology  to  define  a  mathematical  relationship  between  a 
payload  escape  system’s  cost  and  its  payload  or  satellite 
cost.  This  chapter  discusses  the  method  used  for  building 
the  framework  necessary  to  discover  that  mathematical  cost 
relationship.  Chapter  IV  looks  at  the  findings  that  came 
from  this  necessary  framework. 

Decision  Analysis  Method 

The  problem  for  this  research  can  be  stated  in  terms 
of  a  decision  to  be  made:  Should  a  payload  escape  system 
be  used  on  space  launch  vehicles?  With  the  problem 
formulated  as  a  decision,  one  naturally  considers  the  use 
of  decision  analysis  as  a  good,  general  approach  toward 
solving  it.  Decision  analysis  ”is  the  result  of  combining 
aspects  of  systems  analysis  and  statistical  decision 
theory”  (10:21).  It  is  a  methodology  that  can  help  a 
decision  maker  reason  logically  about  a  decision  under 
conditions  of  uncertainty. 

Carl-Axel  S.  Stael  von  Holstein  gives  a  short 
description  of  the  decision  analysis  approach  depicted  in 
Figure  3.1: 

The  decision  analysis  cycle  is  made  up  of  three 
phases:  the  deterministic,  probabilistic,  and 

informational  phases.  The  deterministic  phase  is 
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concerned  with  the  basic  structuring  of  the  problem. 
The  structuring  entails  defining  relevant  variables, 
characterizing  their  relationships  in  formal  models, 
and  assigning  values  to  possible  outcomes.  The 
importance  of  the  different  variables  is  measured 
through  sensitivity  analysis. 

Uncertainty  is  explicitly  incorporated  in  the 
probabilistic  phase  by  assigning  probability 
distributions  to  the  important  variables.  These 
distributions  are  transformed  in  the  model  to  exhibit 
the  uncertainty  in  the  final  outcome,  which  again  is 
represented  by  a  probability  distribution.  After  the 
decision  maker's  attitude  toward  risk  has  been 
evaluated  and  taken  into  account,  the  best  alternative 
in  the  face  of  uncertainty  is  then  established. 

The  informational  phase  determines  the  economic  value 
of  information  by  calculating  the  worth  of  reducing 
uncertainty  in  each  o-f  the  important  variables  in  the 
problem.  The  value  of  additional  information  can  then 
be  compared  with  the  cost  of  obtaining  it.  If  the 
gathering  of  information  is  profitable,  the  three 
phases  are  repeated  again.  The  analysis  is  completed 
when  further  analysis  or  information  gathering  is  no 
longer  profitable. 

Throughout ,  the  analysis  is  focused  on  the  decision 
and  the  decision  maker.  That  is,  expanding  the 
analysis  is  considered  of  value  only  if  it  helps  the 
decision  maker  choose  between  the  available 
alternatives  (22:132). 


Figure  3*1  The  Decision  Analysis  Cycle  (22:132) 
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Classical  deoision  analysis,  as  described  by  Stael  von 
Holstaln  above,  tailors  the  analysis  to  the  risk  attitudes 
and  prefertnoes  of  a  speoifio  deoision  maker.  One  purpose 


of  this  thesis  is  to  make  the  results  useful  to  many 
deoision  makers*  To  this  end,  the  complexity  of  the 
problem  model  was  reduoed  and  a  subset  of  the  deoision 
analysis  oyole,  as  desoribed  above,  was  used.  That  subset 
guides  model  formulation.  In  this  methodology,  the  main 
model  formulation  effort  ooours  in  the  determinlatio  phase 
and  part  of  the  probabilistic  phase  (10t27,30).  Reducing 
the  model's  complexities  made  the  problem  more  manageable 
in  terms  of  the  analysis  and  more  applicable  to  a  wider 
audienoe  of  deoision  makers.  The  goal  of  following  this 
msthodology  was  not  to  perform  a  deoision  analysis  but 
rather  to  build  the  framework  needed  to  define  the 
mathematloal  oost  relationship  for  this  thesis. 

BtfcifjlflllUg  mtfr  The  following  steps  are 
generally  used  as  a  guide  to  the  determinlatio  phase  of 
analysis  and  were  adapted  from  Stael  von  Holstein's  paper, 
*  Tut 0.1.1  in  D.ol.lon  An.ly.l.  (22H3*)i 

1.  define  and  bound  the  deoision  problem 

2.  identify  the  alternatives 

3.  establish  the  outoomes 

k.  seleot  decision  variables  and  state  variables 

9.  build  u  struotural  model 

6.  build  a  value  model 


7.  specify  time  preference 

8.  eliminate  dominated  alternatives 

9.  measure  sensitivity  to  identify  crucial  state 
variables .' 

The  first  step  was  to  define  and  bound  the  decision 
problem.  As  mentioned  above,  the  problem  for  this  research 
has  been  stated  as  a  decision  to  be  made.  The  decision 
was:  Should  a  payload  escape  system  be  used  on  space 
launch  vehicles?  Specifically,  the  decision  was  limited  to 
unmanned,,  vertical  liftoff,  expendable  launch  vehicles. 

This  assumption  ruled  out  the  space  shuttle  from 
consideration.  It  was  noted  that  the  decision  was  whether 
an  escape  system  would  be  used  and  not  whether  an  escape 
system  would  be  built. 

The  next  step  was  to  identify  the  alternatives.  In 
this  case  the  alternatives  were  to  use  an  escape  system  or 
to  not  use  an  escape  system.  Figure  3.2  shows  the  decision 
(D)  and  its  two  alternatives:  YES  and  NO. 

Outcomes  are  generally  what  should  be  known  to 
determine  how  the  problem  was  resolved  (10:27).  Clearly 
the  choice  made  on  the  decision  is  an  outcome  that  is 
desirable  to  know  and  is,  in  fact,  the  object  of  this 
thesis.  Another  outcome  was  whether  or  not  the  launch 
vehicle  fails.  If  one  knew  that  outcome  with  certainty, 
the  decision  would  be  obvious.  Finally,  one  would  like  to 
know  if  the  payload  escape  system  would  fail  when  it  was 
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YES  (Um  Escape  System) 


needed.  The  basic  outcomes  of  interest  in  this  problem 
are:  the  decision,  whether  the  launch  vehicle  would  fall, 
and  whether  the  payload  escape  system  would  fail.  Figure 
3.3  shows  these  outcomes. 

Selecting  the  decision  variables  and  state  variables 
followed  from  the  previous  step.  Variables  that  are 
controlled  by  the  decision  maker  are  the  decision 
variables,  l.e.  the  decision.  Variables  that  can  not  be 
controlled  by  the  decision  maker  are  known  as  the  state 
variables  (22:134).  The  ohoice  of  outcomes  helped  bound 
this  problem  and  determine  the  variables.  The  variables 
were  related  to  the  outcomes  in  the  next  step  of  the 
methodology. 


Figure  3*3  Decision  Outoonea 


Building  a  structural  model  or  a  framework  tied 
together  all  the  steps  discussed  above.  The  model  was 
crucial  to  this  thesis  since  it  set  the  stage  for  finding  a 
mathematical  relationship  between  the  escape  system  cost 
and  its  payload  cost.  Figure  3*4  shows  the  decision  tree 
structure  of  the  model.  One  can  easily  see  the 
relationship  between  the  decision  variable  (D),  the 
alternatives,  the  outcomes  and  the  state  variables  (B,E). 

In  the  model,  D  represents  the  decision  variable.  Its 
outcomes  (alternatives)  are  to  use  an  escape  system  (YES) 
and  to  not  use  an  escape  system  (NO).  The  first  node  in 
the  decision  tree  represents  the  state  variable  (B)  for 
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Figure  3*4  The  Dee is ion  Tree  Model 


booster  vehicle  failure.  Its  associated  outcomes  are  that 
the  booster  "WORKS"  and  that  the  booster  "FAILS".  The 
second  node  in  the  deolslon  tree  represents  the  state 
variable  (E)  for  escape  system  failure.  Its  associated 
outcomes  are  that  the  escape  system  "WORKS"  and  that  it 
"FAILS".  It  should  be  noted  that  state  variables  are  also 
known  as  uncertainty  nodes,  probabilistic  nodes  or  ohanoe 
nodes . 

Building  the  value  model  was  the  next  step  in  this 
deterministic  phase.  It  was  natural  for  the  values  to 
represent  costs  and  in  most  oases  were  lost  costs. 

However,  a  oost  oould  also  represent  a  gain  if  an  insurance 
payoff  was  received.  The  rational  decision,  then,  would  be 
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the  alternative  from  the  decision  tree  model  with  the 
minimum  expected  value  loss. 

Private  concerns  purchasing  satellites  usually  buy 
some  form  of  insurance  to  hedge  against  failures  (16). 
Failures  could  occur  during  the  launch  phase  of  flight, 
during  orbital  transfers  or  after  a  satellite  was  on  orbit. 
It  was  assumed  that  costs  in  this  model  represented  launch 
phase  losses.  In  general,  the  government  launches 
satellites  without  insurance  coverage  (16).  Therefore, 
two  sets  of  values  were  created.  One  set  of  values 
represented  the  launch  case  with  insurance  coverage  and  the 
other  set  the  case  with  no  insurance  coverage.  It  was 
further  assumed  that  the  insurance  was  replacement  cost 
insurance  and  not  purchase  cost  insurance. 

Value  Function.  The  values  were  determined  from  a 
value  function  that  related  cost  in  terms  of  a  value 
function’s  variables.  The  value  function  with  its  general 
variables  was  written  as: 

COST  =  F(C0,  CES,  Cj,  CR,  Cg,  I,  P,  Pb,  Pe,  Rf,  Rj )  (3.1) 

where 

Cg  =  cost  of  the  booster  (ELV) 

=  cost  of  the  escape  system  (ES) 

Cj  r  cost  of  insurance  premiums 

ci  =  cost  of  refurbishing  the  satellite  or  payload 
Cg  =  cost  of  the  satellite  or  payload 
1  =  inflation  rate 

P  =  replacement  cost  insurance  payoffs 
Pb  =  probability  of  booster  failure 
Pg  =  probability  of  escape  system  failure 
R*  =  satellite  or  payload  refurbishment  rate 
R j  =  insurance  premium  rate. 
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The  values  can  be  seen  in  Figures  3*5  and  3*6  at  each 
end  of  the  branches  in  the  decision  tree.  These  values 
represent  the  losses  that  were  the  consequences  of  a 
particular  set  of  outcomes.  For  example,  if  the  outcome  of 
the  decision  was  YES  and  the  outcome  of  the  booster  chance 
node  was  WORKS  then  the  value  for  that  branch  is  the  top 
set  of  values  shown  in  Figure  3.5  ( -Cg-Cg-C^-Cgg ) .  The 
model  in  this  figure  includes  variables  representing 
insurance  costs.  Figure  3.6  shows  the  model  for  the  no 
insurance  case  and  does  not  include  insurance  cost 
variables  in  the  values.  In  this  figure,  the  value  for  the 
same  outcomes  mentioned  above  was  the  same  as  before 
(-CB-CS-CES)  except  for  the  insurance ' cost  variable  (-CI2). 

Value  Variable  Definitions.  The  following  list 
defines  each  variable  used  in  the  values  depicted  in 
Figures  3.5  and  3.6: 

Cg  =  the  cost  of  the  booster  (ELV) 

Cgg  =  the  cost  of  the  escape  system  (ES) 

CT1  =  the  cost  of  insurance  assuming  no  ES  is  on  the 

1  1  ELV 

CT?  =  the  cost  of  insurance  assuming  an  ES  is  on  the 
1  ELV 

CNB  =  the  cost  of  the  next  ELV  for  use  on  the 
subsequent  launch  attempt 

CNES  =  the  cost  of  the  next  ES  for  use  on  the 
subsequent  launch  attempt 

^NII  =  the  cos^  insurance  on  the  subsequent  launch 
attempt  assuming  no  ES  was  on  the  ELV 
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Figure  3.6  Value  Variables  With  No  Insurance 


Cj|i2  =  the  oost  of  insurance  on  the  subsequent  launch 
attempt  assuming  an  ES  was  on  the  EfLV 

CNS  =  the  cost  of  the  next  replacement  satellite 
or  payload  for  use  on  the  subsequent  launch 

CR  *  the  cost  of  refurbishing  the  original  satellite 
or  payload  for  use  on  the  subsequent  launch 

Cs  s  the  oost  of  the  original  satellite  or  payload 

Pj-  s  the  amount  of  gain  from  the  insurance  payoff 

after  a  booster  failure  and  no  ES  assuming  the 
satellite  or  payload  was  lost 

PI2A  s  the  amount  of  gain  from  the  insurance  payoff 

after  a  booster  failure  with  an  ES  assuming  the 
satellite  or  payload  was  salvaged 

PI2B  s  the  amount  of  gain  from  the  insurance  payoff 

after  a  booster  failure  with  an  ES  assuming  the 
satellite  or  payload  was  lost. 


Some  of  the  value  variables  involved  changeable  costs 
because  of  their  dependence  on  certain  rates.  Those  value 
variables  and  rates  are  now  defined. 

CI1  =  (RI1}  (CS)  (3.2) 

where  RT1  =  the  rate  of  insurance  assuming  no  ES  was  on  the 
ELV.  il 

CI2  =  (RI2}  <V  (3*3) 

where  RT?  =  the  rate  of  insurance  assuming  an  ES  was  on  the 
ELV.  Ld 

cr  s  (Rf)  (Cs)  (3.4) 

where  Rf  s  the  rate  of  refurbishment  for  a  salvaged 
satellite  or  payload. 
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It  was  assumed  that  several  of  the  value  variables 
were  equivalent.  This  assumption  simplified  the 
oaloulatlons  for  this  model  while  still  providing  for  many 
of  the  cost  faotors  in  the  real  world  problem.  These  value 
variables  were  included  for  completeness  of  this  model. 

They  allow  the  model  to  be  used  later  to  help  solve  similar 
but  expanded  problems  using  this  same  framework.  The 
following  value  variables  were  assumed  to  be  equal  for  the 
purposes  of  this  thesis: 


C 

C 

C 

C 

C 

P 

P 

P 


B 

ES 

11 

12 
S 
II 
I2A 
I2B 


C 

C 

C 

C 

C 

C 

C 

C 


NB 

NES 

Nil 

NI2 

NS 

NS 

R 

NS  ’ 


The  value  model  accounted  for  the  component  costs  of 
the  total  loss  for  each  outcome.  This  is  illustrated  in 
Figures  3*5  and  3*6.  The  value  model  accounts  for  two  sets 
of  values.  One  set  of  values  represents  the  insurance  case 
and  the  other  set  the  no  insurance  case. 

The  next  step  in  this  deterministic  phase  was  to 
consider  time  preference.  According  to  Ronald  Howard  time 
preference  concerns  what  worth  to  place  on  values  over  time 
(11:70).  One  way  to  treat  this  time  preference  would  be 
to  use  some  form  of  present  value  discounted  for  time. 
Another  would  be  to  inflate  the  value  variables  relating 
costs  in  this  model  according  to  the  relations: 
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:nb 

:nes 

;nii 

:ni2 

'NS 


(UI)  (c«) 
(HI)  (Cjps) 
(1+1)  (C?*7 

(hi)  (cih 

(HI)  (C*7 


where  I  s  an  Inflation  rate. 

Time  preferenoe  Is,  of  course,  highly  dependent  on  a 
decision  maker's  preferences.  In  this  early  investigation 
of  this  problem  no  speciflo  decision  maker's  preferences 
were  addressed.  Since  these  variables  were  already  assumed 
to  be  equivalent,  no  further  attempt  to  define  a  time 
preference  was  taken  in  this  model.  These  inflated 
variables  do,  however,  demonstrate  where  a  time  preferenoe 
relation  would  fit  into  this  model. 

The  next  step  in  a  classical  deolsion  analysis  would 
be  to  eliminate  dominated  alternatives.  The  nature  of  this 
problem  was  to  construct  a  framework  to  look  at  a  speolflo 
decision.  That  framework  was  oonstruoted  on  the  basis  of 
two  alternatives i  use  an  esoape  system  and  do  not  use  an 
escape  system.  The  deolsion  analysis  methodology  was  used 
to  help  build  a  framework  and  not  neoessarlly  to  perform  a 
decision  analysis.  Not  all  the  deolsion  analysis  steps 
were  appropriate  to  this  problem.  This  step  was  not 
performed  since  it  was  important  to  keop  both  alternatives 
In  the  problem  framework. 

The  last  step  in  the  deterministic  phase  measures  the 
importance  of  the  variables  through  sensitivity  analysis. 
Usually,  one  variable  at  a  time  in  the  value  funotion  would 
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be  varied  in  turn,  from  its  high  to  its  low  value  while  the 
others  remained  at  a  nominal  value.  The  effect  on  the 
functional  value  would  be  observed  and  those  variables 
having  minimal  effect  would  not  be  used  in  further 
analyses.  In  this  model,  the  goal  was  not  to  eliminate 
variables  but  rather  to  build  the  methodology  to  find  a 
mathematical  relationship.  For  this  reason,  each  variable 
was  considered  important  enough  to  remain  in  the  model.  It 
was  decided  to  carry  each  variable  forward  to  the  point 
where  the  model  was  fully  developed.  The  model  would 
then  be  solved  mathematically  with  all  its  variables. 
Therefore,  sensitivity  analysis  was  not  performed  at  this 
step. 

Probabilistic  Phase.  According  to  Spetzler  and  Zamora 
the  main  purpose  of  the  probabilistic  phase  is  to 
explicitly  bring  uncertainty  into  the  analysis  (21:239). 

If  the  decision  maker  knew  for  certain  when  a  booster  would 
fail  there  would  be  no  need  for  this  research.  Of  course, 
the  problem  Is  that  uncertainty  is  involved  no  matter  how 
reliable  boosters  are  or  may  become.  The  following  steps 
generally  make  up  the  probabilistic  phase  although  not  all 
were  needed  to  finish  this  framework  (21:239): 

1.  encode  uncertainty  on  the  variables 

2.  develop  profit  lottery 

3.  determine  best  action 
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encode  risk  preferences 

5.  perform  further  sensitivity  analysis. 

The  first  step  in  this  phase  completed  the  framework. 
Both  state  variables,  B  and  E,  were  assigned  a  discrete 
probability  to  their  outcomes.  The  booster  variable  was 
assigned  the  probability  Pb  for  a  FAILS  outcome  and  1-Pg 
for  a  WORKS  outcome.  The  escape  system  variable  was 
assigned  the  probability  Pg  for  a  FAILS  outcome  and  1-Pg 
for  a  WORKS  outcome.  Figure  3*7  shows  the  completed  model 
framework  with  the  assigned  probabilities  on  their 
corresponding  outcome  branches. 

These  probabilities  were  allowed  to  vary  over  a  range 
of  discrete  probabilities.  Pb  depended  on  the  booster  type 
and  the  source  for  the  probabilities.  Booster 
manufacturers  and  an  insurance  broker  were  sources  for 
booster  failure  rates.  PQ  was  always  assumed  to  be  as  good 
as  or  better  than  Pb . 

Model  Analysis 

After  using  a  subset  of  decision  analysis  to  build  a 
framework,  the  next  major  step  was  to  analyze  the  model. 
This  step  of  the  methodology  culminated  in  the  calculation 
of  a  mathematical  relation  for  the  payload  escape  system’s 
cost.  Three  actions  were  taken  in  this  model  analysis  step 

1.  risk  preference  assumption 

2.  determine  the  best  alternative 
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sensitivity  analysis. 
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Figure  3.7  Finished  Model  With  Probabilities 


j 

i 

\ 

i 

\ 

Risk  Preference  Assumption.  Acoording  to  Stael  von  j 

< 

Holstein,  risk  attitudes  should  be  considered  whenever  a  \ 

decision  is  made.  He  goes  on  to  say  that  it  would  be 
typical  for  decision  makers  to  choose  amounts  less  than  the 
expected  value  of  a  lottery  (22:146). 

Figure  3.8  illustrates  Stael  von  Holstein’s  example  of 
a  lottery  with  equal  chances  for  winning  $20  million  and 
losing  $5  million.  If  a  decision  maker  were  to  choose  $7.5 
million,  the  expected  value  of  this  lottery,  as  a 
substitute  for  playing  the  lottery  then  that  person  would 
be  a  risk  neutral  or  expected  value  decision  maker.  If,  on 
the  other  hand,  the  decision  maker  were  to  choose  some 
amount  less  than  the  expected  value,  say  $2  million,  as  a 

< 

substitute  for  playing  the  lottery  then  that  person  would  j 

be  a  risk  averse  decision  maker.  j 

Stael  von  Holstein  stated  that  the  risk  averse  1 

1 

decision  maker  is  the  more  typical  one.  The  risk  averse  j 

I 

attitude  can  be  closely  approximated  with  utility 

functions.  Expected  utility  instead  of  expected  value 

would  then  become  the  criteria  for  choosing  alternatives. 

Stael  von  Holstein  also  stated  that  a  decision  maker  "could 

be  expected  to  be  risk  neutral  when  the  value  of  the 

project  is  not  too  large  in  relation  to  the  organization’s 

total  worth"  (22:146).  Moskowitz  and  Wright  add: 

The  decision  maker  basing  selections  on  the  expected 
value  criterion,  over  the  long  run,  does  better  on  the 
average  than  will  the  decision  maker  who  relies  on  any 
other  criterion  -  but  only  if  the  "run"  is  long 
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enough  and  the  decision  maker  both  survives  the 
short-term  ups  and  downs  and  is  a  continual 
participant  in  comparable  decision  problems  (18x1 48 )  • 

For  the  purpose  of  demonstrating  the  method  of  this  wheals 
the  decision  maker  was  assumed  to  be  an  expected  value 

i 

decision  maker. 

Determine  the  Best  Alternative.  In  this  step  one  had 
to  choose  between  the  two  alternatives.  Since  the  deolslon 
maker  was  assumed  to  be  an  expected  value  decision  maker, 
it  was  not  necessary  to  find  a  utility  function.  The 
procedure  was  to  use  the  maximum  expected  value  selection 
criterion  adapted  for  this  problem  to  find  the  minimum 
expected  value  (MEV),  i.e.  the  minimum  loss.  The  MEV  was 
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found  for  eaoh  alternative  and  then  mathematically 
compared.  For  the  payload  escape  system  to  be  feasible, 
its  MEV  or  minimum  lost  costs  had  to  be  less  than  those  for 
the  no  escape  system  alternative.  In  other  words,  this 
relation  had  to  be  true: 

MEV  (escape  system)  <  MEV  (no  escape  system) 

Moskowitz  and  Wright  give  one  description  of  how  to 
take  the  expected  value  (18:123): 

1.  assign  a  probability  to  each  event  with  the 
probabilities  summing  to  1 

2.  compute  the  expected  value  of  eaoh  action  by 
multiplying  each  value  by  its  corresponding 
probability  and  summing  these  products 

3.  choose  an  action  whose  expected  value  is  largest. 

Again,  in  this  problem  one  would  choose  the  smallest 
expected  value  so  as  to  find  the  minimum  loss. 

Sensitivity  Analysis.  This  sensitivity  analysis  was 
performed  on  the  mathematical  relation  found  in  the 
previous  step.  The  analysis  was  performed  by  varying  the 
range  of  values  of  each  variable  in  the  equation  and 
observing  the  effect  on  the  payload  escape  system's  oost. 

Justification  of  the  Methodology 

The  problem  for  this  thesis  was  a  decision:  to  use  an 
escape  system  or  to  not  use  an  escape  system.  Uncertainty 
exists  in  the  problem  because  of  unknown  booster 
reliability  and  unknown  attitudes  toward  risk.  Decision 
analysis  is  a  methodology  that  can  help  decision  makers 
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reason  logically  about  a  decision  under  conditions  of 
uncertainty.  It  was,  therefore,  incorporated  into  the 
methodology  for  solving  this  problem. 

Although  a  classical  decision  analysis  was  not 
performed,  a  subset  of  the  methodology  was  used  to  build 
the  model  for  this  problem.  The  decision  analysis  method 
is  strongly  oriented  to  models  for  describing  problems  and 
can  factor  uncertainty  into  those  models.  The  structure  of 
this  model  could  be  expanded  to  Include  other  pertinent 
variables  and  the  methodology  would  still  work. 

Chapter  IV  looks  at  the  findings  that  resulted  from 
the  methodology  described  in  this  chapter. 
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IV.  Findings 


Introduction 

This  chapter  discusses  the  findings  that  are  based  on 
the  Chapter  III  methodology.  The  findings  relate  directly 
to  the  study  objective  and  first  subobjective  as  stated  in 
Chapter  I.  The  other  subobjectives  will  be  addressed  in 
Chapter  V. 

First,  the  model  that  was  developed  from  the 
Chapter  III  methodology  was  solved.  This  defined  the 
payload  escape  system  mathematical  cost  relation  and 
demonstrated  the  methodology.  Developing  that  methodology 
was  the  main  objective  of  this  thesis.  Next,  a  sensitivity 
analysis  was  performed  on  the  cost  relation.  Finally,  use 
of  the  cost  relation  was  demonstrated  with  some  past 
booster  failure  events.  An  application  of  the  cost 
relation  was  the  first  subobjective  of  this  thesis. 

Mathematical  Cost  Relation 

The  methodology  described  in  Chapter  III  was  used  to 
build  the  problem  model  shown  in  Figure  3.7.  Now  the  model 
is  solved  by  successively  taking  the  expected  value  (EV)  of 
each  node  backwards  through  the  decision  tree.  The 
expected  value  procedure  is  completed  when  the  decision 
node  is  the  sole  remaining  node  in  the  tree.  At  that  point 
the  decision  tree  would  look  like  the  tree  in  Figure  3.2. 
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Each  outoome  of  the  decision  node  will  have  an  associated, 
final  expected  value.  In  reality,  a  decision  maker  would 
ohoose  the  outcome  with  the  most  desirable  associated 
value.  In  this  model,  one  can  not  choose  between  values 
while  the  variables  are  still  unknown.  Therefore,  the 
values  were  compared  in  an  inequality  and  solved  for  the 
escape  system  cost,  Cgg. 

A  decision  maker  would  generally  choose  the  escape 
system  option  if  its  associated  value  was  less  than  the  no 
escape  system  value,  as  follows: 

EV  (escape  system)  <  EV  (no  escape  system)  . 

Since  the  expected  values  represent  losses,  those  losses 
were  defined  with  negative  values. 

Taking  Expectation.  The  expected  value  of  the  escape 
system  node  was  solved  first.  From  Figure  3.7,  the  value 
associated  with  escape  system  YES,  booster  FAILS,  and 
escape  system  WORKS  is  V2,  where: 

V2  =  -Cb-Cs-Ci2-CEs-Cr-CNb-CNEs-CNx2+pI2A  (4.1) 

The  value  associated  with  escape  system  YES,  booster  FAILS, 
and  escape  system  FAIL’  is  V3,  where: 

V3  =  -Cb-CS-Ci2-CEs-CNS-CNB-CNEs-CNI2+Pi2B  (4.2) 
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EV  of  Node  (E) .  The  expected  value  of  the  escape 


system  node,  (E),  is  calculated  as: 

EV(E)  s'(l-Pe)  ( V2 )  +  (Pe)  (V3)  (4.3) 

which  gives : 

EV(E)  =  -2Cx2-2CES-CR-CB+Px2A+pec  “pep 

R  I2A 

-PeC  +PoP  (4.4) 

NS  I2B 

Figure  4.1  shows  the  new  decision  tree  with  EV(E) 
substituted  for  the  escape  system  node,  (E). 

The  next  step  is  to  calculate  the  expected  value  for 
both  booster  nodes.  The  expected  value  for  escape  system 
YES  was  calculated  first.  From  Figure  4.1,  the  value 
associated  with  escape  system  YES  and  booster  WORKS  is  VI, 
where: 

VI  =  -Cb-Cs-Cx2“CEs  (4.5) 

From  Figure  4.1,  the  value  associated  with  escape  system 
YES  and  booster  FAILS  is  EV(E),  Eq  (4.4). 

EV  of  ES  (YES).  The  expected  value  for  the 
escape  system  (YES)  choice,  is  calculated  as: 

EV (YES )  =  (1-Pb)  (VI)  +  (Pb)  (  EV (E )  )  (4.6) 

which  gives: 

EV(YES)  =  -CES-P5C  -Ci2-PbC  -PbC  -PbC  +PbP 

ES  12  R  B  I2A 

+PbP  C  -PbP  P  -PbP  C  +PbP  P  (4.7) 

e  R  e  I2A  e  NS  e  I2B 

Figure  4.2  shows  the  new  decision  tree  with  EV(YES) 

substituted  for  the  "upper”  booster  node,  (B) . 
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Figure  4.1  Expectation  on  Node  (E) 
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The  next  step  is  to  calculate  the  expected  value  on 
the  remaining,  "lower",  booster  node,  (B).  From 
Figure  4.1,  the  value  associated  with  escape  system  NO  and 
booster  WORKS  is  V4,  where: 

V4  =  -Cb-Cs-Ch  (4.8) 

The  value  associated  with  escape  system  NO  and  booster 
FAILS  is  V5 ,  where: 

V5  =  -CB-Cs-Cn-CjiB-CNS-CNn+Pn 

EV  of  ES  (NO).  The  expected  value  for  the  escape 
system  (NO)  choice,  is  calculated  as: 

EV(NO)  =  (1-Pb)  ( V4 )  +  (Pb)  (V5)  (4.10) 

which  gives: 

EV(NO)  s  -Cn-PhC  -PbC  -PbC  +PbP  (4.11) 

II  B  NS  II 

Figure  4.3  shows  the  new  decision  tree  with  EV(NO) 
substituted  for  the  "lower"  booster  node,  (B). 

Comparing  Expectations.  As  mentioned  previously,  the 
decision  maker  would  only  choose  the  escape  system  (YES) 
option  if  its  expected  value,  i.e.  lost  costs,  was  less 
than  the  expected  value  of  the  escape  system  (NO)  option. 
Solving  for  Cgs  under  this  condition  will  give  the  payload 
escape  system  cost  relation.  The  following  relation  exists 
when  the  payload  escape  system  (YES)  choice  is  optimal: 

EV  (YES)  <  EV  (NO)  (4.12) 
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Figure  4.3  Final  Expected  Value  Choices 


Substituting  Eqs  (4.7)  and  (4.11)  into  Eq  (4.12)  and 
solving  for  Cgg  yields  the  general  relation  for  payload 

escape  system  cost: 

CES  <  E  Pb  (CNS+Ci1-CI2+Pi2A-pI1-cr)  + 

PbP  (CR“PI2A“CNS+PI2B)  +  CI1  “  CI2  3  1  (1+pb)  (4.13) 

e 

Two  Launch  Cases.  As  mentioned  previously,  a  decision 
maker  may  or  may  not  have  access  to  insurance  coverage. 

This  immediately  presents  two  cases:  Case  A,  a  launch  with 
insurance  coverage  and  Case  B,  a  launch  without  insurance 
coverage. 

The  Case  With  Insurance.  In  Case  A,  it  was 
assumed  that  insurance  payoffs  covered  100  percent  of  a 
loss.  Applying  this  assumption  to  Eq  (4.13)  allows 
equivalent  terms  to  subtract  out  of  the  equation: 

CNS  and  PI1 

Cg  and  Pj2A 

Cus  and  Pj2B  • 

This  gives  the  Case  A  payload  escape  system  cost  relation: 

CES  <  E  Pb  (Cn-CI2)  +  (Cn-CI2)  ]  /  (1+Pb)  (4.14) 

By  substituting  Eqs  (3.2)  and  (3*3)  into  Eq  (4.14),  this 
relation  Is  reduced  to  its  final  form: 

Ces  <  (pI1  "  PI2^  (CS)  (4.15) 


41 


where 


Rjl  =  the  insurance  rate  with  no  payload  escape  system 
on  the  booster  (ELV) 

Rl2  =  the  insurance  rate  with  a  payload  escape  system 
on  the  booster  (ELV). 

This  relation,  Eq  (4.15),  may  be  surprising  in  that 
the  cost  of  the  payload  escape  system  does  not  depend  on 
the  probabilities  of  booster  failure  or  escape  system 
failure.  The  cost  only  depends  on  the  insurance  rates  and 
the  original  satellite  cost.  This  is  what  should  be 
expected,  however.  In  Case  A,  the  insurance  broker  is 
assuming  all  of  the  risk  because  the  payoff  equals  the 
loss.  Therefore,  the  funds  for  building  a  payload  escape 
system  would  come  solely  from  insurance  premium  savings. 
These  savings  presume  that  insurance  rates  would  be  less 
expensive  when  a  payload  escape  system  was  used.  If  the 
estimated  cost  of  building  a  payload  escape  system  exceeded 
the  expected  savings  on  insurance  premiums,  then  there 
would  be  a  new  decision  to  be  made.  The  decision  would 
then  be  based  on  other  factors  such  as  the  ,,intrinsic,, 
value  of  the  payload  escape  system  itself. 

The  Case  With  No  Insurance.  In  both  cases,  it 
was  assumed  that  a  salvaged  satellite  could  be  refurbished. 
Also,  that  the  refurbishment  cost  of  the  satellite  would  be 
some  fraction  of  a  satellite’s  original  cost,  base  on  a 
refurbishment  rate,  Rf.  Of  course,  for  Case  B,  there  are 
no  insurance  costs  or  payoffs.  Applying  this  assumption  to 
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Eq  (4.13)  gives  the  Case  B ,  no  insurance,  payload  esoape 
system  ooat  ralatlont 

Cjj  <  [  Pb  (Cpg-Cp)  ♦  PbP  (Cp-Cps)  ]  /  (1+Pb)  (4.16) 

a 

By  ualng  the  pravloua  aaaumption  that  Cg  =  Cpg  and  by 

1 

substituting  Eq  (3.4)  Into  Eq  (4. 16),  this  relation  is 
reduced  to  its  final  form 

CES  <  C  Pb  (1-P*)  (1-Rf)  CS  ]  /  (1+Pb)  (4.17) 

Tha  payload  aaoapa  ays tern  coat,  Cgg.  depends  on  the 
probability  of  booster  failure,  probability  of  escape 
systea  failure,  tha  rafurblahment  rate  and  the  satellite 
ooat.  Tha  payload  escape  system  option  will  be  most 
desirable  whan  the  right  hand  aide  of  Eq  (4.17)  la  large. 

One  oan  aaa  that  higher  ooat  satellites  will  make  a  payload 
aaoapa  system  more  feasible.  Also,  as  Pe  and  Rf  tend 
toward  zero,  the  permissible  cost  of  the  escape  system 
becomes  higher.  Finally,  as  the  probability  of  booster 
failure  gats  larger,  the  permissible  cost  of  the  escape 
system  would  tend  to  be  higher. 

A  mathematical  ooat  relation  was  developed  for  two 
launoh  oases  using  the  Chapter  III  methodology.  Eq  (4.15) 
represents  the  "with  insurance",  Case  A,  relation.  The  "no 
Insurance",  Case  B,  relation  is  Eq  (4.17). 
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Sensitivity  Analysis 

A  classical  decision  analysis  would  look  at  the 
underlying  probability  distributions  for  the  variables 
involved  in  the  sensitivity  analysis.  The  distributions 
over  the  variables  are  usually  obtained  from  the  decision 
maker  or  from  some  other  expert  familiar  with  the  problem. 

No  decision  maker  was  used  for  this  problem. 

Therefore,  the  sensitivity  analysis  performed  was  an 
example  of  the  methodology  using  representative  data.  The 
general  results  demonstrate  the  methodology  and  indicate 
trends.  The  sensitivity  analysis  can  be  performed  again 
later  as  more  accurate  data  becomes  available. 

Case  A  Analysis.  Analysis  was  first  performed  on 
Case  A,  the  "with  insurance"  case.  Sources  suggest  that 
insurance  rates  can  be  22  percent  of  the  satellite  cost 
(13:22).  Discussions  with  en  insurance  broker  also 
suggested  that  satellite  insurance  could  be  in  the 
neighborhood  of  25  percent  of  the  satellite  cost  (16). 

The  analysis  of  Case  A,  Eq  (4.15),  was  performed  as 
five  subcases  and  is  depicted  graphically  in  Figures  4.4 
through  4.8.  Each  subcase  was  based  on  a  unique  value  for 
Rjl,  the  insurance  rate  for  no  escape  system.  Within  each 
subcase,  Rj2»  the  insurance  rate  with  an  escape  system,  was 
varied  from  a  rate  of  zero  percent  to  a  maximum  rate  equal 
to  Rji*  In  each  subcase,  the  feasible  region  is  the  area 
beneath  the  lines.  When  the  cost  of  an  escape  system 
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Figure  4.4  Insurance  Case  With  Rate  1  =10% 
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Figure  4.5  Insurance  Case  With  Rate  1  s  15% 
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Figure  4.6  Insurance  Case  With  Rate  1  =  20% 


Figure  4.7  Insurance  Case  With  Rate  1  =  25% 
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Figure  4.8  Insurance  Case  With  Rate  1  =  30% 


versus  the  cost  of  a  satellite  falls  within  the  feasible 
region,  a  decision  maker  should  consider  using  a  payload 
escape  system.  For  example,  in  Figure  4.4,  if  Rj2  is  five 
percent,  escape  system  cost  is  $16  million  dollars  and 
satellite  cost  is  $700  million,  then  using  the  escape 
system  should  be  considered  logical. 

As  expected  from  Eq  (4.15)  and  as  seen  in  the  figures, 
when  Rji  tends  toward  some  maximum  and  Rj2  tends  toward 
zero,  the  feasible  region  for  escape  system  use  is 
maximized.  In  general,  the  more  money  that  is  saved  on 
insurance  premiums  would  mean  more  money  is  available  to  be 
spent  on  an  escape  system. 

Case  B  Analysis.  This  analysis  was  performed  with 
representative  data.  Data  was  not  available  for  the 
probability  of  escape  system  failure,  Pe.  It  was  assumed 
that  Pe  would  be  as  good  as  or  better  than  P^,.  There  was 
also  no  refurbishment  data.  Values  for  these  variables 
were  estimated.  Two  sources  were  used  to  obtain  booster 
failure  probabilities.  An  insurance  broker  and  the  booster 
manufacturer  for  each  booster  type  were  consulted  to  obtain 
the  data  in  Table  I. 

The  data  used  in  this  analysis,  as  in  Case  A,  was 
representative  data  based  upon  factual  data  and  upon 
estimation.  Table  II  shows  the  data  points  used  for  this 
analysis . 


50 


TABLE  I 


Booster  Failure  Probabilities, 


Booster 

Type 

Titan  Ills 
All  Atlas 
All  Deltas 


Insurance 

Broker  (16) 

8.45* 

15.32* 

7.18* 


Booster 

Manufacturer 

6.16*  (24) 
9.29*  (9) 
6.70*  (25) 


TABLE  II 

Representative  Rates  Used  in  the  Case  B  Analysis 


Booster  Failure 
Rate 

Escape  System 
Failure  Rate 

Refurbishment 

Rate 

6* 

2* 

15* 

8* 

5* 

10* 

10* 

15* 
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The  analysis  of  Case  B,  Eq  (4.17),  was  performed  by 
allowing  each  variable  in  Table  II  to  vary  over  its  range 
while  holding  the  others  at  their  nominal  values.  The 
nominal  value  chosen  for  was  eight  percent.  The  results 
are  depicted  graphically  in  Figures  4.9  through  4.11. 

Again,  it  is  obvious  that  the  feasible  region  grows 
larger  as  satellite  cost  increases.  In  general,  the  escape 
system  cost  is  sensitive  to  booster  failure  rates  and  to 
the  refurbishment  rate.  Escape  system  cost  does  not  appear 
to  be  sensitive  to  escape  system  reliability;  Figure  4.10. 
This  information  could  be  useful  when  designing  a  payload 
escape  system.  Building  an  escape  system  with  a  lower 
reliability  would  probably  mean  a  lower  construction  cost. 

Figure  4.12  shows  a  best  case/worst  case  scenario  for 
payload  escape  system  cost.  The  top  line  represents  the 
highest  Pfc,  best  Pe  and  best  Rf.  This  is  the  largest 
feasible  region  expected  for  this  data.  The  bottom  line 
represents  the  least  feasibility  for  an  escape  system.  P5 
is  the  lowest  in  this  instance  while  Pe  and  Rf  are  at  their 
highest  value.  The  larger  feasible  region  means  that  an 
escape  system  could  have  a  higher  cost,  but  could  still  be 
expected  to  reduce  economic  losses  in  the  long  run. 

Figures  4.4  through  4.12  are  graphical  tools  for 
helping  a  decision  maker  answer  the  question  of  when  to  use 
an  escape  system.  The  methodology  can  help  develop  graphs 
suited  to  a  particular  decision  maker’s  situation. 
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Figure  4.9  Case  With  No  Insurance  and  Booster  Failure  Rate  Varied 
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Figure  4.10  Case  With  No  Insurance  and  Escape  System  Failure  Rate  Varied 
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SATELLITE  COST  ($  million) 
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Figure  4.12  Best  Case/Worst  Case  for  Payload  Escape  System 


An  Application  of  the  Methodology 

The  payloads  destroyed  in  four  launch  failures  in  1985 
and  1986  included  a  $100  million  NASA  Tracking  and  Data 
Relay  Satellite  (TDRS),  two  DOD  satellites  and  a  $57.5 
million  GOES  weather  satellite  (19:20,  8:13).  In  March 
1987,  an  Atlas/Centaur  failed,  destroying  an  $83  million 
FltSatCom  satellite  (14:23-24).  The  two  DOD  satellites  are 
rumored  to  cost  roughly  $200  -  $300  million  each.  These 
figures  could  not  be  substantiated  for  this  thesis. 

Eq  (4.17)  used  a  TDRS  cost  of  $100  million,  , a 
FltSatCom  cost  of  $83  million,  and  a  GOES  cost  of  $57.5 
million.  Table  I  and  Table  II  provided  the  other  data  to 
the  equation.  Although  the  TDRS  actually  flew  on  the  space 
shuttle,  for  the  purpose  of  this  exercise  it  is  assumed  to 
have  flown  on  a  Titan  booster.  For  the  TDRS  it  was  assumed 
that  Pe  =  .05,  Pb  =  *0845  and  Rf  =  .30  .  For  the  FltSatCom 
and  the  GOES  it  was  assumed  that  Pe  =  .05,  Pb  =  .1532  and 
Rf  =  .30  . 

Based  on  these  figures  for  these  satellites,  a  payload 
escape  system  would  have  to  cost  less  than  the  amounts 
calculated  from  Eq  (4.17).  These  escape  system  costs  would 
make  it  economically  feasible  to  use  an  escape  system.  The 
costs  are  as  follows : 


for 

TDRS: 

CES 

< 

$5. 18 

million 

for 

F ItSatCom : 

CES 

< 

$7.33 

million 

for 

GOES  : 

CES 

< 

$5.08 

million . 
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If  an  actual  escape  system  would  cost  less  than  the  figures 
calculated  above,  given  the  assumptions  and  methodology  of 
this  thesis,  then  the  rational  decision  would  te:  YES,  use 
a  payload  escape  system.  In  the  long  run  and  on  the 
average  then,  it  would  be  economically  advantageous  to  use 
the  payload  escape  system. 

Chapter  Summary 

This  chapter  described  the  application  of  the 
methodology  of  Chapter  III.  The  methodology  was  used  to 
find  a  payload  escape  system  cost  relation  for  two  cases. 
Case  A,  with  insurance,  Eq  (4.15)  and  Case  B,  with  no 
insurance,  Eq  (4.17).  A  sensitivity  analysis  of  the  cost 
relations  was  performed  and  represented  graphically.  The 
graphs  demonstrated  the  methodology  and  showed  the  region 
over  which  a  payload  escape  system  was  economically 
feasible.  Finally,  one  of  the  two  cost  relations  was  used 
to  find  the  maximum  feasible  cost  of  an  escape  system  for 
three  different  satellites. 


V.  Conclusions  and  Reoommendat Ions 


Introduction 

This  thesis  constitutes  work  that  has  not  formally 
been  done  previously.  Much  has  been  studied  about  manned 
vehicle  escape  systems.  The  literature  review  for  this 
thesis  revealed  no  known,  formal  studies  or  research  on  the 
topic  of  unmanned  payload  escape  systems. 

This  chapter  discusses  whether  the  research  objective 
and  subobjectives  have  been  answered  by  this  thesis.  The 
general  methodology  will  be  summarized  and  conclusions 
made.  Finally,  recommendations  for  future  research  on  this 
topic  are  made. 

Research  Objective 

The  main  objective  was  to  develop  a  methodology  that 
defines  a  mathematical  cost  relation  that  would  demonstrate 
the  economic  feasibility  of  a  payload  escape  system.  This 
methodology  was  developed  in  Chapter  III  using  a  subset  of 
the  decision  analysis  method.  A  decision  tree  model  was 
developed  and  then,  in  Chapter  IV,  solved  for  the  escape 
system  cost.  Eqs  (4.15)  and  (4.17)  define  the  upper  limit 
on  payload  escape  system  cost  for  one  to  be  economically 
feasible . 

First  Subobjective.  The  first  subobjective  was  to 
demonstrate  the  use  of  the  mathematical  cost  relation. 

This  was  done  in  two  ways.  First,  a  series  of  graphs  were 
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developed  showing  the  feasible  region  over  a  wide  range  of 
satellite  costs.  Second,  the  costs  of  three  satellites 
were  used  to  determine  a  maximum  escape  system  cost  for 

each  satellite. 

Second  Subobjective.  The  second  subobjective  was  to 
identify  pertinent  background  information  that  could  be 
useful  in  unmanned  payload  escape  system  applications. 

This  was  accomplished  in  the  Chapter  II  literature  review. 
Some  of  this  information  hints  at  technical  feasibility 
although  an  engineering  analysis  was  beyond  the  scope  of 
this  thesis. 

Third  Subobjective.  The  third  subobjective  was  to 
identify  specific  unmanned  escape  system  topics  for  future 
research.  This  was  accomplished  in  the  recommendation 
section  of  this  chapter. 

Methodology 

The  problem  for  this  thesis  was  approached  by  first 
formulating  the  problem  as  a  decision  to  be  made.  The 
decision  was  to  choose  between  using  a  payload  escape 
system  and  not  using  a  payload  escape  system.  A  subset  of 
decision  analysis  was  used  to  build  the  model  and  provide 
the  theoretical  background  for  solving  the  problem. 

Decision  analysis  is  a  methodology  that  is  especially 
adept  at  handling  uncertainty.  To  perform  a  classical 
decision  analysis  requires  a  decision  maker  so  that 
particular  preferences  and  attitudes  toward  risk  can  be 
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incorporated  into  the  model  framework.  A  decision  maker 
was  not  consulted  for  this  thesis.  The  assumption  was  made 
that  this  model  would  be  for  an  expected  value  (risk 
neutral)  decision  maker.  Even  with  no  decision  maker,  it 
was  still  decided  to  use  at  least  a  subset  of  decision 
analysis  for  this  problem.  The  reason  was  to  allow  the 
model  the  flexibility  to  deal  with  uncertainty.  Therefore, 
similar  problems,  even  if  they  are  more  complex,  should  be 
solvable  using  the  methodology  of  this  thesis. 

Once  the  appropriate  variables  and  values  were 
incorporated  into  this  decision  tree  model,  the  decision 
tree  could  be  solved.  The  tree  was  solved  by  taking 
successive  minimum  expected  values  and  then  solving  for  the 
payload  escape  system  cost.  The  resulting  mathematical 
relations  could  then  be  used  to  define  when  it  was 
economically  feasible  to  use  a  payload  escape  system. 

Recommendations 

As  is  usually  the  case,  time  became  a  constraining 
factor  for  this  thesis.  There  are  more  questions  that  need 
answering  about  payload  escape  systems  and  when  they 
should  be  used.  To  help  answer  some  of  the  unanswered 
questions  that  were  raised  during  the  course  of  this 
thesis,  the  following  topics  are  recommended  for  further 
study : 

1)  A  study  to  determine  an  estimated  cost  for  a 
payload  escape  system.  This  thesis  defines  the  maximum  a 
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payload  escape  system  could  cost  and  still  be  economically 
feasible.  Perhaps  the  cost  could  be  broken  out  by 
different  weight  catagories  the  escape  system  would  be 
capable  of  lifting. 

2)  Another  study  similar  to  this  one  but,  using 
utility  theory  instead  of  the  expected  value  criteria. 

3)  A  study  that  performs  a  classical  decision 
analysis  on  this  problem.  Perhaps  a  NASA  or  Air  Force 
space  program  manager  would  be  interested  in  serving  as  the 
decision  maker. 

4)  A  study  to  look  at  possible  alternative  payload 
escape  system  configurations.  The  Apollo  Launch  Escape 
System  could  be  a  possible  model.  Another  possibility 
would  be  to  cluster  solid  rocket  motors  about  the 
circumference  of  the  payload  module. 

5)  A  trade  off  study  to  examine  the  merits  of  taking 
away  payload  capacity  to  add  a  payload  escape  system.  Many 
in  the  space  community  expressed  doubt  about  the  value  of 
such  a  trade  off. 

6)  A  study  of  blast  effects  on  satellites.  Would  a 
satellite  survive  a  booster  explosion?  Would  it  be 
economical  to  design  for  blast  effects? 

7)  A  parametric  study  of  the  stresses  that  would  be 
placed  on  a  satellite  by  an  operating  payload  escape 
system.  Are  satellites  sturdy  enough  to  be  "wisked"  away 
from  a  failing  booster? 
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8)  A  study  on  the  best  method  of  recovering  a 
satellite.  Is  there  any  way  it  could  be  recovered  on  land? 
What  are  the  effects  of  salt  water  exposure  on  the 
satellite  that  lands  in  the  ocean?  Could  there  be  an 
aerial  recovery? 

9)  A  study  to  determine  how  much  damage  a  satellite 
could  sustain  and  then  be  fully  refurbished.  Would  it  be 
cost  effective  to  refurbish  damaged  satellites?  The  space 
shuttle  has  recovered  two  communication  satellites  for 
refurbishment  and  reuse. 

10)  A  study  of  fault  detection  systems.  Could  a 
system  be  designed  to  sense  catastrophic  failures?  Could  a 
system  be  designed  that  would  use  the  payload  escape  system 
to  abort  a  mission  to  orbit  if  it  was  close  enough  to  orbit? 

11)  A  study  of  launch  abort  criteria.  Should  a  range 
safety  officer  give  an  escape  system  time  to  operate  before 
ordering  a  booster  destroyed? 

Chapter  Summary 

This  chapter  discussed  the  research  objective  and 
subobjectives  that  were  answered  by  this  thesis.  The 
general  methodology  was  reviewed  and  some  conclusions  made. 
Finally,  recommendations  were  made  for  future  research. 

There  is  still  a  trend  toward  more  expensive 
satellites  with  even  more  capability  than  older  versions. 

In  a  fiscal  atmosphere  where  budget  cuts  are  becoming  the 
norm,  the  space  community  needs  to  consider  alternatives  to 
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tossing  away,  in  some  cases,  hundreds  of  millions  of 
dollars  on  launch  failures.  With  the  historical  launch 
loss  rates  as  high  as  12-15  percent  (13:22),  one 
alternative  may  be  to  try  and  save  payloads  with  some  kind 
of  an  escape  system. 


6 


Bibliography 


"Active  U.S.  Space  Launch  Vehicles  and  Upper  Stages," 
Space  Handbook  (Twelfth  Revision).  AU-18.  Air 
Command  and  Staff  College,  edited  by  Lt  Col  Curtis  D. 
Cochran  et  al .  Maxwell  AFB ,  AL:  Air  University  Press, 
1985. 

Bolger,  Philip  H. ,  Assistant  NASA  Director  of  Safety, 
NASA  Headquarters.  Evolution  of  Escape  Systems  for 
Manned  Space  Flight.  Paper  for  presentation  to  the 
Third  International  Symposium  on  Space  Rescue, 
Constance,  Germany,  5-10  October  1970. 

Chauvin,  Leo  T.  and  Johnson,  Jr.,  Caldwell  C.  "Apollo 
Command  and  Service  Module:  Design  Integration," 

Manned  Spacecraft:  Engineering  Design  and  Operation. 
Edited  by  Paul  E.  Purser  et  al .  New  York:  Fairchild 
Publications,  1965. 

Crawford,  J.E.  and  McNerney,  J.D.  "Paraglider  Booster 
Recovery  Systems,"  Transactions  of  the  Eighth 
Symposium  on  Ballistic  Missile  and  Space  Technology, 
Volume  2.  Alexandria  VA:  Defense  Documentation 
Center,  1 6  —  1 8  October  1963. 

Deans,  Philip  M.  "Launch-Escape  Systems,"  Manned 
Spacecraft:  Engineering  Design  and  Operation.  Edited 
by  Paul  E.  Purser  et  al.  New  York:  Fairchild 
Publications,  1965. 

Eaton,  Peter.  Telephone  interview.  NASA  HQ,  Office 
of  Space  Flight,  ELV,  Washington,  D.C.,  13  July  1987. 

"Failures  of  U.S.  Space  Launches  Raise  Quality,  Design 
Questions,"  Aviation  Week  and  Space  Technology.  124: 

58  (May  19,  19^71  -  - 

Fink,  Donald  E.  "Another  Misfire,"  Aviation  Week  and 
Space  Technology,  124:  13  (May  12,  19^7^ 

Genser,  P.,  Manager,  Future  Launch  Vehicle 
Applications.  Personal  correspondence,  Atlas  and 
Centaur  Flight  Record.  General  Dynamics,  Convair 
Division,  San  Diego  CA ,  1  August  1987. 


65 


10.  Howard,  R.  A.  and  Matheson,  J.  E.  "An  Introduction  to 
Decision  Analysis,”  The  Principles  and  Applications  of 
Decision  Analysis,  Volume  1,  edited  by  Ronald  A. 

Howard  and  James  E.  Matheson.  Menlo  Park  CA:  Strategic 
Decisions  Group,  1983. 

11.  Howard,  Ronald  A.  "Decision  Analysis  in  Systems 
Engineering,”  The  Principles  and  Applications  of 
Decision  Analysis,  Volume  1,  edited  by  Ronald  A. 

Howard  and  James  E.  Matheson.  Menlo  Park  CA:  Strategic 
Decisions  Group,  1983. 

12.  - .  "The  Evolution  of  Decision  Analysis,"  The 

Principles  and  Applications  of  Decision  Analysis, 

-  Volume  1,  edited  by  Ronald  A.  Howard  and  James  E. 
Matheson.  Menlo  Park  CA:  Strategic  Decisions  Group, 
1983. 

13.  "Insurers  Stop  Issuing  Policies  Following  Loss  of 
Ariane,"  Aviation  Week  and  Space  Technology,  124:  22 
(June  9>  19 86) . 

14.  Kolcum,  Edward  H.  "NASA  Committee  Investigates  Cause 
of  Atlas  Centaur  Failure  Amid  Criticism  of  Launch 
Decision,  "Aviation  Week  and  Space  Technology,  126: 
23-24  (April  6,  1987). 

15.  Kolesov,  Boris.  "On  Top  of  the  Rocket,"  Trud  (Labor): 
1-6  (May  15,  1969),  edited  translation  by  J. 

Sechovicz.  Translation  Division,  Foreign  Technology 
Division,  Wr ight-Patterson  AFB  OH,  3  October  1 9 69 
(AD-700295) . 

16 .  Kunstader,  Christopher,  Vice  President.  Telephone 
interview.  USAUIG  Insurance  Underwriters,  New  York, 

14  October  1987. 

17.  Lorincz,  I.  "Return  From  Space  to  Earth,"  Repules 
( Aviation ) ,  20 :  14-15  (October,  1967),  edited 
translation  by  D.  Grandjean.  Translation  Division, 
Foreign  Technology  Division,  Wr ight-Patterson  AFB 
OH,  24  May  1986  (AD-847099). 

18.  Moskowitz,  Herbert  and  Wright,  Gordon  P.  Operat ions 
Research  Techniques  for  Management.  Englewood  Cliffs 
N.J.,  Prentice-Hall,  Inc.,  1979. 

19.  "NASA  to  Replace  TDRS  Destroyed  With  Challenger," 
Aviation  Week  and  Space  Technology,  124:  20 
(June  9,  1986 ) . 


66 


20 


.  Peters,  James  M.  Escape  Systems  for  Space  Vehicles. 
White  Paper.  AFWAL/FIER,  Crew  Escape  and  Subsystems 
Branch,  Vehicle  Equipment  Division,  Flight  Dynamics 
Laboratory,  Wright-Patterson  AFB  OH,  August  1983. 

21.  Spetzler,  Carl  S.  and  Zamora,  Ramon  M.  "Decision 
Analysis  of  a  Facilities  Investment  and  Expansion 
Problem,”  The  Principles  and  Applications  of  Decision 
Analysis ,  Volume  1,  edited  by  Ronald  A.  Howard  and 
James  E.  Matheson.  Menlo  Park  CA:  Strategic  Decisions 
Group,  1983. 

22.  Stael  von  Holstein,  Carl-Axel  S.  "A  Tutorial  in 
Decision  Analysis,”  The  Principles  and  Applications 
of  Decision  Analysis,  Volume  1 ,  edited  by 

Ronald  A.  Howard  and  James  E.  Matheson.  Menlo  Park 
CA:  Strategic  Decisions  Group,  1983. 

23.  Townsend,  Neil  A.  Apollo  Experience  Report;  Launch 
Escape  Propulsion  Subsystem.  NASA  Technical  Note, 

NAS  A  -TN -D-70 8 3 .  Manned  Spacecraft  Center,  Houston  TX, 
March  1973  (N73-18902). 

24.  Whitaker,  David  L.,  Public  Relations  Officer.  Personal 
correspondence,  Titan  Launch  History.  Martin  Marietta 
Denver  Aerospace,  Denver  CO,  10  August  1987. 

25.  Winchell,  J.W.,  Manager,  Delta  Product  Applications. 
Personal  correspondence,  Delta  Failure  History. 
McDonnell  Douglas  Astronautics  Company,  Huntington 
Beach  CA,  10  August  1987. 


67 


VITA 


Captain  Fred  E.  Wagner  was  born  on  26  February  1952  in 
Newberry,  Michigan.  He  graduated  from  Newberry  High  School 
in  1970  and  attended  Northern  Michigan  University  from 
which  he  received  the  degree  of  Bachelor  of  Science  in 
Secondary  Education  in  May  1974.  He  taught  high  school 
mathematics  for  three  years  before  his  acceptance  to  OTS. 

He  received  his  commission  in  the  USAF  in  May  1978  and  was 
assigned  to  the  NORAD  Cheyenne  Mountain  Complex  as  a  NORAD 
Computer  System  computer  programmer.  Starting  in  September 
1982,  he  served  In  the  Manned  Spaceflight  Support  Group  at 
the  Johnson  Space  Center,  Houston,  Texas  as  0  Data  Systems 
Operations  Supervisor  in  the  Space  Shuttle  Software 
Production  Facility.  In  December  1984,  he  received  the 
degree  of  Bachelor  of  Science  in  Mathematics  from  the 
University  of  Houston  while  serving  with  the  AFOTEC  Test 
Team  at  the  Johnson  Space  Center  as  a  Space  Shuttle 
Computer  System  Software  Evaluator.  He  entered  the  School 
of  Engineering,  Air  Force  Institute  of  Technology  in  June 
1986. 

Permanent  address:  602  W.  McMillan  Ave. 

Newberry,  Michigan  49868 


68 


